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ABSTRACT

The measured characteristics of slots in a transmission line
propagatirng the TEM mode are giver in Part 1. The line coi-,sists of
a rectangular outer conductor and a round in.-ier conductor. A com-
parison is made between mcr:ured an-31 theoretic-?l rtsts•.. The
characteristics of dunbbell-loafled slotg are somwn. TVe results are
also presented for a linear array which was designed using the
durmbbell-loaded slots. In Part [I the inve:stigations were carried out
in a line consisting of a rectangular outer conductor and a flal
center conductor. 4ffects of Jifferzn: types of loading on resonant
length &nd resonant irequency were lavestigated. The bandw.iAtlh
of transverse slots as a function of shape and loading was studied
ant - comparison for various slot configurations is given.



PART

SLOT STUDY IN RECTANGULAR TLM TRANS 1,!F-,S&ON
LINE WITH ROUND CENTER CONDUCTOR

by Robert 3. Stegen and Joseph R. Miller

INTRODUCTION

A TEM transmission line feeding an a-r.f of slots has some advantages
over a waveguide feed. The TEM line has a smaller cross-sectional area
than a w-,eguide and, therefore, the weight and win.age could be lesa.
A TEM line branching structure feed system mey be made very compact and,
therefore, would probably result in a weight savinq over a waveguide
system. With these possible advantages in mind slots fee by a TEM trans-
mission line were inves.vated.

The use of a conventional coaxial transmission line with circular inner
and outer conductors As the slot feed line was undesirable for several
reasons. Slotted lines of circular cross-section and of the size desired
were not available, so that either a well-matched broadband transition
section or a slotted line would have had to be fabricated. However, wave-
guide slottet' lines were available which would serve as a suitable rectan-
gular outer conductor. In addition, a rectangular outer conductor would
provide a flat surface upon which to cut tie slo c, thereby permitting closer
tolerances than on a circular outer conductor. The choice of circular rod
as the center conductor vas dictated by its availability. S-band was chosen
as the frequency range so that slot manufacturing tolerances would be
reasonable while still keeping the size of the component, f•mall.

DESCRIPTION OF TRANSMISSION LINE

Since the measurements were tr be made at S-band, a convenient
outer conductor to use was 0. 4 x 0. 9 inch X -band waveguide with :n
X-band slotted line for the impedance measurements. Standard 7/32-
inch diameter aluminum rod was used for the center conductor so that
the characteristic impedance' (Zo) would be close to 50 ohn-i. The calcu-
laticon of the Zo of this type of transmission line is given in tbhý A,,Jytical



4  ý0v ction. Propagation at ~'d in this tran-srn:s~sion lire wr
HF> ~.Figher mnodes wve ,'_-ond cutý)ft. riktre I o5oinwR tto-

twc:z: mrs.,Asuring equipment iiýcludir.g slotted line and radŽatiý-n c .

Trw- short-circuiting platter assembly and type N connfect•er e to
this "EM live are shown in Figure 2. The short-circuiting plurger i!. of
the contacting type in wlich the fingers are a quarter wavelength Io",
rnal;ng cc-itact to the outer and inner conductors at a point rf r,•nirri.m
current. The plunger is equipped with a screw drive and vtrnier sca!-e.
Poly-foarn bead supports were used because of their low dielectric cotn-,nt
and low loss. The VSWR intrt-duced by 1/4 inch beads was beIlow I .02.

A matched termination was developed whicE consists of a wedi- of

polyron irserted in the line. This termination has the VSWR frequency
characteristic as shown in Figure 3.

ANALYTICAL STUDY

An analytical study of this type of TEM transmission line has been
made by Begovichl.

The study was made using the foUowing assumptions:
a. The outer surface aboin &'he slot is a perfectly ccrductinq infinit9

plane;
b. T1'ie walls of the TEM line are perfectly conducting and of nog-

ligible thickness;
c. The length of the slots is near a half free-space wavelength and is

narrow in terms of wavelengths; and
d. The lin,- transmits only the TEM mode.

The expression for the normalized series resistance of an inclined
slot placed on the center-line (of the wide-di.-i side) of a TEM line
having a rectangular outer conductor and a circular inner conductor is

1569 _2

where
= the half-length of the slot,

a = the wide dimension of the ou;':- conductor,
b the narrow dimension of the outer conductor,

e the angle of inclination of the slot from the longitudinal axis of the
transmission line,



a~acrisic inpeanc-e of the I'LM transrni.< Ln
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nd( T O is the position of the center conductor, the x and y axesand (2 'Y

being along the wide and rArrow edges of the outer conductor, respectively.

.-rankel2 has analyzed the balanced +w'-,vire line shown here and hat
calculated the characteristic impedance to be
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A septum may be placed aý,Dng AB without upsetting the field co-fi_-
uration. For the usual transmi~ssion line.

Ii

where
v = the velocity of propagation in the dielectric and

C = the capacity of the transmission line per unit length.
Sit ce the capacity from one wire to the tube is twice the capacity between
wires, the Zo of a transmission line corsisting of one round conductor within
a rectangular tube would be one-half of that given above. For the case of
the 7/3Z-inch rod centccd within a 0. 4 x 0. 7-inc)h rertangular tuWe, the:
characteristic impedance is

S 0.0 ohms. (5)

The capacity of a length of this transmission line was measured at
1000 cps. T':e Zo calculated from this value of capacity agreed within ex-
perimental error with the theoretical value.

At 3000 mic/s with the above dimensions, (1) becor.es

R U.7,t22 sin2 . .(6)



MEASUPED TR FSUL ,T5

Unloaded Slots

Impedance data were obtained on inclined slots 0.06Z5 inch wide, placed
on. the center-line of 0.4 x 0.9 inch (inner dimension) rectangular tubing.
Irnpedance measuring techniques similar to those used for waveg.ide siots3

were used. A curve of resonant length as a function of angle of inclinzPtion
from the center-line is plotted in Figure 4 for a frequency of 3000 inc/s.
The curve is extrapolated to the zero tilt angle axis in ordr to p2:wldt
necessary design information. An empirical expression for the resonant
slot length at this frequency ia

1. 19 + 0.603 0" inchet. (7)

H(o, b, a, f,ýt) as given by (2) can now be evaluated for the particular
transmission line used. A plot of H-Z at 3000 mc/s as a function of the
angle of inclination of the slot from the -:e-wtir-line is shown in Figure 5.

A 200 resonant slot in the surface of the outer conductor has a nor-
malized resistance at 3000 mc/s of 1. 58 as compared to the value of Z. 07
obtained from theory. The difference rn-.y be attributed to the finite ground
plane, to the wall not being of zero thickness, and to experimren~al error.

The measured data were obtained without a ground plane becauise it was felt
that a two-dimensional array of these slots might be ,ised without any ground
planes.

Figures 6 and 7 are plots of norrnalize4. resistances and resonant slot
lengths as functions of frequency. Figure 8 is a plot of the ratio of measured
to calculated resistance as a function of slot angle. It appears that the error
can be taken into Rccount by a factor which is a linear function of the tilt
angle 9. This function is

K = o.S25 + o.o12 90 (8)

The expression for the slot resistance at 3000 mc/s aow becomes

3R, = .I .R ;2.O 7,i -'. (9)

"7 -



FigT-re 9 is A plot of this empirical f-xpression for slot resistAnce a i
function of tilt angle, e, with the measured points indicated.

Loaded Slots

Unloaded series slots wIA-ch alternate about the waveguide center-line
will overlap if they are spaced about a half wavelength apart. End- naedlng
the slots will allow them to be resonant at shorter lengths and conse~quentI1
keep them from overlapping. This is accomplished by making UtCeYn dunb-
bell shaped. Figures 10 and 1I plot resonant frequency and normalized
resistance as functions of dumbbell diameter for 4. 7. and 10 degree slots.
Theme are for a constant over-all length of 2. 284 inches. The curves of
dumbbell diameter and norrf".lized resistance versus tilt aingle (Figure 12)
were c',tained from Figures 10 and I I at 3000 mc/s.

TEM LINEAR ARRAY

A sixteen-element linear array (Figure 13) of inclined dumbbell slots
was designed for a 30 db Tchebyschef! rtdiation pattern. The beam pcitiw-'
was chosen to be 10 degre-s from the nornml to the array at the design fre -
quency of 3000 mc/s. This determrined the element spacing. The array was
terminated in - hatched load. The design neglected transmis sion line atten-
uation and slot -slot coupling except to the dominant mode in the trans-
mission line. The input VSWP and the radiation pattern at 3000 mc/s are
shown in Figures 14 and 15. Figure 16 gives the beam position, half-power
beam width and side-:obe level as a function of freq-wetcy.

The results indicate that this type of antenna is feasible. The difference
between the design sidv -lobe level and the me. vured values is probably due
in part to machining errors since the slots were required to be iuclined at
very small angles from the axis of the outer conductor. Insufficiently
accurate design data may also be a contributing factor to this difference.
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PART 1i

SLOT STUDY IN RECTANGULAR TEM TRAN•MWSSION
LINE WITH FLAT CENTER CONDUCTOR:

by Eric Strumwasser and Jo Ann Short

INTRODUCTION

The TEM strip transmission line whicli wa.s built at tfihe feed for Lte
investigation of the slot characteristics consisted essentially of two par-
allel plates, spaced 3/8 inch apart as the outer conductor and 3/8-inch by
1/16-ii-ch brass strip as the center conductor, fed through a coaxial con-
nector and terminated in a movable short. Aim shown in Figure 17, the
original width of the line was 9-3/4 in-:1, es with the feed end ne.•ked down'
to a width of 4 inches for attenuation oi hýiher-order modes. StaAding
wave ratio and phase measurements r'rre made with a movable probe de-
tector inserted in a longitidinz.l slot cut above the center line of the center
conductor. Evidence of the presence of the higher-order TEl 0 mode in
the line was observed when calibration of the mcvable short revertled res-
onances 3ccurring at positions of the short Xg/2 apart for this mode.
Tapering the sides of the line from the 4-inch wide feed end to the 9-3/4-
inch width was not effective in eliminating the TE 1 0 mode. The width of
the line was then reduced to 4 inches throuphout its length to cut off the
TE1 0 mode for the L-band frequency range #: 1000 to 1350 mc/s. This
uniform width was interrupted for a distance of 2 inches to allow measure-
ment of transverse resonant slots longer than 4 inches. The top plate was
also cut. for insertion of a 2-inch section containing the test slot. The
characteristic impedance of this line was calculated to be 50 ohms. The
calculations are based on equations and curves given by Begovich and
Margolin•. The characteristic impedance also was experimentally deter-
mined by a measurement of the capacitPnce of the line. The value of 53.9
obhmns obtained in this way deviates fromn the calculated -,alue by less than
the experimental error of the capacitance bridge used.

With a blank shorting section inserted in the 2-inch opernng in the top
plate, reflections in the line were measured and found to be negligible.
Me-asurement of the relative field distribution across the line was mi~de



by ittr: -rting a prcdke in a transAerse slot with the movable sh.ort a-o J'Ur
for minrn-nur rtdi-tion from tie slot. The res•,)ts (FigurelP) 1P•w..)•
field intensity dropping -zff sharply on either side of the center conudctor.

This distribution indicates that any higher-order modes cf interest are
36 db or more below the TEM mode when there .s no radiation from the
slot. However, later Impedance measurements made of a short dumbbell-
loaded slot disclosed a discrepancy between results obtained with the line
having the 2-inch wide gap left in the sides and the lne having continuous•
sides. In these results the deviation in phase amounted to approximately
0.03k ). No difference in VSWR was noted. The phase deviation its appar-
ently owing to the fact that, in the presence of the radiating r•ot, hi-,ier-
order modes exist which differ in configuration for the two different iine
geometries.

Significart experimental errors were introduced in the measurements
by sag of the center conductor and by small changes in its 1-teral positlu
produced by movenmnt of the contacting short. A variation of t 18 per cent
in normalized resistance and + 11 per cent in normalized reactance was
found in measurements taken for various orientations of the movable short
in the line. In view of this large experimental error, the results obtained
with the 50-ohm line must be considered as preliminary data only. How-
ever, trends in slot characteristics as a function of various paran-Uters
have been established. Also, the knoAledge gained from experimentation
with this line serves as a basis for the design o! a line with much improved
characteristics.

IMPEDANCE MEASUREMENTS

The slot characteristics described in the following paragraphs were
measured with the 50-ohm TEM transmission line with the 2-inch gap left
in the side walls. The nmeasurement procedure '-_r all impedance measure-

2ments is the slotted line technique described by R. 3. Stegen

Resonant le...]th and normalized resonant resistance of a centered
straight tran.sveiae slot 1/16 inch wide are shown as a function of irequency
in Figure 19. The resonant length remains close to one-half wavelength
throughout the frequency range.

To obtain a variation of resistance for a fixed frequency, the slot was
offset transversely from the center conductor. The normalized resistance
e-nd the reactance of a 5-inch long, 1/16-inch wide transverse slot were
mer sured as a function of offset for several frequencies near reponance
and the results are shown In Figures 20 and Z1.

- I? -



Various methods of Ieadiag were investigated in order to thort•, the
resonant length of the slot. By terminating a slot in circular holeit, a slot
of 3 inches over-all length with 1-inch-diameter dumbbells was fotind to
be resonant at very nearly 1200 mc/s. which correspond5 t. resenance for
a 5-inch by 1/16-inch straij'ht slot. The normalized resistance and the
reactance of this dumbbell-loaded slot are plotted as a function of offset
from the center conductor for a number of frequencies near resonance
(Figures 22and23). The effects of dielectric loading were also in-festigated.
A 3-inch long, 1/2-inch wide slot was filled with various dieleXr.-. ,

the xttonant frequency measured as a function -f dielectric con:!tant
(Figure 24). The dielectric materials consisted of polystyrene containing
various percentages of titanium dioxide. It has also been noted that, by
combining dumbbell end-loading with dielectric loading irn the straight
portion of a slot, resonant slots as short as 1/8 X can be obtained.

Variation of resonant resistance at a fixed frequency can also be accom-
plished by tbe use of inclined slots. The resistance of a slot is a function
of the angle of inclination between the slot center line and the longitudinal
axis of the center conductor. With a slight modificaion of the transmission
line, angular slot impedance measurements can also be made.

If the resonant frequency of a slot is defined as that frequency at which
the slot impedance is real, the curves in Figures Zland23indicste that the
resonant frequency of a transverse slot is a function of offset as well as a
function of its shape and loading. If a design curve is desired for a linear
array in which resonant radiators are to be used, the variation in r-esonant
frequency with offset must be compensated for by variation of dumbbell
size or by a change of dielectrics. This would require a large number of
additional measurements.

Because it was felt that the variation in resonait frequency with offset
might be caused by the 2-inch gap in the sides of the 50-ohm line, and as
a number of other limitations of this transmission line became apparent,
ideas for an improved design were developed. A line was designed and was
built which used an increased spacing of 1-1/4 inch between top and bottom
plates and thus made impedance measurements less sensitive to variations
in the position of the center conductor. This line has the same 3/8-inch x
1/16-inch center conductor dimensions and a constant width of 3.9 inches.
As a result of the increased spacing, the calculated valve of the character-
istic impedance was 100 ohms 1 . Measurement of the capacitance of this
line furnished a value of characteristic impedance of 107 ohms, which de-
v~tes. from the calculated value by less than the experimental error of
tViectrc bridge used for the 7.fasureinent. Thr nrm-O.izxed reýo•r•nt



resistancc of a slot in this 100-ohm line sýhould theoretý(,,xl-V be ýŽjIf ot
its value in the 50-ohm line, which is an advantage in obt•r~iii a low
resistance range required in linear array design3 . To reduce experi-
mental error in the measurements further, sag of the center conductor
was prevented by putting the strip in tension rather than having it held in
position by polyfoam supports. Finally, provisions were made for moving
the center conductor transversely with respect to the longitudinal axis
of the transmission line. In this way a wider range is obtained for offset
of the slot transversely from the strip centerline, permitting the use of
longer slots in the 3.9-inch %riide linc (see Figures 25 and Z6`.

Up to the present time, only a few slots have been measured in the
100-ohm line and the first results show the resonant resistances to have a
value approximately half of those measured in the 50-ohm line. Figures 27
and 28 give normalized resistance and reactance'as a fuinr.'c*ion of offr,-t for
a 2. 380-inch long, 1/8-inch wide, dielectric-loaded slot ( e = 7.5) for a
num~ber of frequencies near resonance. The dielectric material contained
fiberglas and titanium dioxide and extended 1/8 inch above and below the
slot cut in 1. 32-inch thick plate, as shown in the skjtch of Figure 27.
From the original Smith Chart plot of the data (Figure 29), it may be noted
that the resonant frequency (1095 mc/s) varies only slightly. TI'e '-I. of
resonant resistance as a function o' cffset (Figure 30) may then be used as
the array design curve.

A forty-element array now is being constructed using the same guide
and strip dimensions as the 100-ohrr, line, and the results will be avail-
able at a later date. An analysis of the irnpedancZ Lharacteristics of
transverse slots in a TEM mode transmission line has been made by Dr. N.
Bebovich and will also be published in the near future.

BANDWIDTH

The "Q" of a slot is defined as Q = fo/Af, where fo is the frequency
at which the slot impeiance is real, and bf is the bandwidth between the
frequencies at which the slot impedance falls to 0. 707 times its maximum
value. Figure 31 is a typical plot of absolute slot impedance as a function
of frequency indicating the bandwidth of a slot. The effects of variation of
various s'.ot parameters on the 0 of a transverse slot were studied. The
following general trends can be recognized:

I. Reducing slot length by various methods of loading tends to in-
crease the 0 of the slot.

2. Widening the slot lowers the Q but increases the resonant fre-
Q u( en cy.



3. Increasing the dielectric constant of the loading matep..I incr,: :- Z.r
the Q of the slot.

The table below gives a comparison of Q's and resonant frequencirs
for various slot configurations.

Resonant Line Charac ste i
Frequency (mc Is) Q Impedance (Ohms)

5" x 1/6" straight unloaded 1200 24 n

3" x 1/8" straight, dielectric 1150 33 100
loaded, t =7.2

3" x 1/16" x '" diameter 1200 37 50
dumbbells

2-1/2" x 3/16" x 7/8" diameter 122) 27 50
dumbbells, dielectric f
in straight section I
only, e = 7.4

3" x 5/88" straight, dielectric 1390 14 100
loaded, e = 7.2

S2" x 1/16" x 1/2" diameter 1000 110 50
dumbbells, dielectric
in straight section
only, e =7.4

1-5/8" x 1/16" x 1/2" diameter 1300 118 50
dumbbells, dielectric
in straight section
only,e = 7.4

These results indicate that, with the proper choice of slot width,
dielectric material, and dumbbell size, the over-all length of a slot can
be reduced appreciably while still keeping it comparatively broadband as
compared with an unloaded slot. Further investigation of I-roadbanding and,
in particular, the characteristics of multiple slots, are covered by Ehrlich,
pi•d, and Short 4 .
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